The commonly-used methodologies for raw material criticality assessments produce lists based on economic parameters. However, they do not provide qualitative guidance or recommendations as to how to reduce criticality. Paradoxically, publishing these lists impacts the system in a way that can make critical resources become even more critical, because markets may react by increasing prices for critical raw materials, and conflict for these resources may increase. We propose a complementary methodology, System Dynamics Modelling, which provides better guidance for policy makers because of its insights into the driving forces behind the criticality of raw materials. Also, this methodology allows us to take into account the biophysical limits and the social dynamics which underpin the system, and thus enables us to understand the context in which raw materials become critical. The clarification of the drivers of criticality of raw materials, provided by our research method, can enhance the recommendations and guidance for policy-and decision-makers to respond to warning signals in their management. The applicability of our approach is illustrated by two case studies, on phosphorus and indium. We conclude that the externalities (social and environmental) of raw material extraction, both for production and consumption, should be considered by policy makers in order to account for the true cost of critical raw materials.
geological resources, and M tracks the mineral's price sensitivity to changes in its market." NSTC (2016) A clusteranalysis considers a mineral to be considered -potentially critical‖ if C is above 0.335. For 2013, 17 minerals were identified as potentially critical: ferromolybdenum (FeMo), yttrium (Y), (La-Lu), rhodium (Rh), ruthenium (Ru), mercury (Hg), monazite, tungsten (W), silicomanganese (SiMn), mica, iridium (Ir), magnesite, germanium (Ge), vanadium (V), bismuth mine production (Bi), antimony (Sb), and cobalt mine production (Co). In a second stage, these minerals identified as potentially critical were studied in-depth to understand the drivers of their criticality and which of them poses a significant risk to US economic and national security interests.
In Japan, mineral policy is driven by the Ministry of Economy, Trade, and Industry METI) (Morita, 2013) .
Within the METI, which has 9 bureaux and 3 agencies, 2 bureaux and 1 agency deal with Japan's minerals policy.
The first bureau is the Industrial Science and Technology Policy and Environment Bureau in charge of technology development, which includes the division for the Promotion of Recycling. The second one is the Manufacturing Industries Bureau, which is in charge of industrial promotion to strengthen Japanese industry, and which includes the Nonferrous Metals division, in charge of non-ferrous industries in Japan. The third government function is covered by the Agency for Natural Resources and Energy. This agency has the Mineral and Natural Resources division to which the Japan Oil, Gas and Metals National Corporation (JOGMEC) belongs.
METI ensures the supply of natural resources to Japan, and conducts an annual material flow survey on various raw materials including base metals and rare metals. The survey provides material flow diagrams for both national and world-wide supply, demand trends, export and import trends, and on the share of recycled (secondary) products in the domestic consumption.
In Japan 3 main strategies have been applied to secure natural resource supplies: -1. Since 2009, the Strategy for Securing Rare Metals has focused on policy measures to ensure the supply of strategic materials. Strategic materials are chosen based on the stability of supply, e.g. supply and demand trends, trends in developing mines, or misdistribution of resources, 2. Since 2010 the Energy Base Plan has set numeric targets to increase the metal supply from mines and recycling. Base metals (aluminum, copper, iron, lead, tin, and zinc) are targeted to increase from 40 % to over 80 % by 2030. Strategic rare metals are targeted to increase from 0 % to over 50 %, 3. Since 2012 the Strategy for Securing Natural Resources has identified -Strategic Mineral Resources‖ to focus policy measures on their supply. Not only for rare metals, but also for base metals, due to concerns about rapidly increasing demand in emerging countries, and non-metal materials, which are essential for industry, are also considered. 30 minerals were designated -strategic minerals‖. Strategic minerals were selected against a background of their growing importance in industry and rising supply risk, which resulted in the designation of minor metals such as indium, platinum, rare-earth elements (REEs), and common metals such as iron, copper, and lead. The strategy aims at a stable supply of these metals via 4 pillars: -(i) acquisition of mineral interests, (ii) recycling from industrial processes and end-of-life products, (iii) developing substitution materials, (iv) stockpiling. Two of the criteria for definition of strategic minerals -supply risk and vulnerability of industrial activities to supply restrictioncorrespond to the concept of -criticality‖ of materials.
Before the 2009 Strategy for strategic minerals, Japan's criticality assessment was reported by the New Energy and Industrial Technology Development Organization (NEDO). The NEDO assessment designated elements considered to be at risk of resource securement problems as -important minerals‖, which were identified by evaluating 5 risk categories with 12 components. Although the assessment report did not use the terms -criticality‖ or -critical material‖, the assessment evaluated the critical metals for Japan. In the NEDO assessment, the 12 components were evaluated for 39 minor metals in 2008. The results were then aggregated into single criticality scores. The NEDO assessment designated 14 of 39 metals with high criticality scores as important minerals. For each of the 12 components, scores representing their securement importance were designated with 0, 1, 2, or 3 points. For -depletion time‖, for example, 3 was given to metals with less than 50 years of depletion time; 2 for 50-100 years; 1 for 100-150 years; 0 for over 150 years. For -stockpiles‖, metals with stockpiles built up through governmental policy were evaluated as 0, and 1 for other metals. The scores for the 12 components were aggregated into a single criticality score using weighting factors.
The factors used in the NEDO assessment were 25% of the aggregated score for supply risk, price risk, and demand risk, 20% for recycling restriction, and 5% for potential risk. The weighting among components within each risk category were equal (?). Finally, comprehensive criticality scores were calculated with a maximum of 32 points possible for each of 39 metals. Metals with 18 points or higher were regarded as important minerals (Hatayama and Tahara, 2015) .
The European Commission (EC) regards Critical Raw Materials as economically important raw materials which are subject to a high risk of supply interruption (EASAC, 2016) . In this respect, the EC launched the Raw Materials Initiative (RMI) in 2008 which established an integrated strategy to respond to the different challenges related to access to non-energy and non-agricultural raw materials. The RMI is based on three pillars: 1. Ensuring a level playing field in access to resources in third party countries, 2. Fostering a sustainable supply of raw materials from European sources, 3. Boosting resource efficiency and promoting recycling.
For the EC, the initial steps (EC, 2008) were to identify critical materials on the basis of ‗supply risk' and an ‗environmental country risk' -where producing countries might place regulations on the supply of raw materials to Europe to reduce their environmental impact. JRC (2013) In 2014, the EC updated its list of critical raw materials. After analyzing 54 materials with the criteria of economic importance and supply risk, 20 CRMs were in the criticality zone of economic importance and high supply risk. These CRMs were antimony, beryllium, borates, chromium, cobalt, coking coal, fluorspar, gallium, germanium, indium, magnesite, magnesium, natural graphite, niobium, PGMs, phosphate rock, REEs (heavy), REES (light), silicon metal and tungsten. In 2015, the third pillar in Box 1 was included in the circular economy approach in the Commission's package (EC, 2015) .
In 2017, the EC published a new list for which the methodology had been improved by the JRC (2016). It covers a larger number of materials screened: 78 materials or 61 raw materials, consisting of 58 individual and 3 grouped materials (compared to 54 in 2012 and 41 in 2011). The methodology remains largely the same, focusing on supply risk (SR) and economic importance (EI) as the main dimensions of criticality, to ensure comparability with previous assessments. Updates to the methodology include: taking a supply chain perspective by identifying the most critical points in the raw material production stages, inclusion of substitution potential of materials in EI in supplement to SR, more specific allocation of raw materials to the relevant end-use applications and corresponding manufacturing sectors to increase the accuracy of EI calculations, inclusion of import reliance for SR by considering the shares of import vs. domestic sourcing of the global supply, and inclusion of trade-related parameters based on export restrictions and EU trade agreements. Of the 61 materials screened, the following 26 were identified as critical: Antimony, Baryte, Beryllium, Bismuth, Borate, Cobalt, Fluorspar, Gallium, Germanium, Hafnium, Helium, HREEs, Indium, LREEs, Magnesium, Natural graphite, Natural Rubber, Niobium, PGMs, Phosphate rock, Phosphorus, Scandium, Silicon metal, Tantalum, Tungsten, and Vanadium (EC, 2017). Perspective scenarios, the annual demand between 2007 and 2050 was projected for a particular metal in a particular energy technology. They identified copper, silver, aluminium (bauxite), nickel, zinc, and possibly platinum, among others, as key base metals and neodymium and indium 1 among others, as key rare earth metals for the transition to a low carbon future. Although they admit that -the actual metals that will experience dramatic increases is unclear and extremely difficult to predict.‖ (WB, 2017) .
Considering these studies and reports (US, Japan, EC, and WB), there are some limits to their definitions and methods for assessing the criticality of raw materials. Firstly, they identify CRMs from an exclusively macroeconomic perspective, only defining or assessing materials as critical if a supply disruption would be harmful to their economies. Other values of the raw materials, such as socio-cultural and life-support functions are not represented by criticality. Secondly, although the concept of criticality is a dynamic state of a material evolving continuously depending on socio-economic conditions, these assessments only provide analyses of a snapshot in time. A more dynamic approach, providing the possibility of analyzing trends through time by resource, is argued for by Glöser and Faulstich (2012) linking the methods of System Dynamics with the Criticality Matrix. Thirdly, it can be argued that by forcing multiple and diverse indicators into the 2 dimension of criticality matrices, the overview of what is actually driving the criticality situation is lost (Jin et al., 2016) So, in this article, we propose the use of System Dynamics and Scenario Planning to analyse raw material criticality, which enables us (1) to consider a sustainability perspective rather than one based solely on economic concerns, (2) to demonstrate the benefits of a dynamic approach, and (3) to present a tool which can help to identify the drivers of the criticality level of a certain raw materials. We use two case studies, on phosphorus and indium, to test our approach.
METHODOLOGICAL FRAMEWORK
The methodological framework of this paper is based on System Dynamics.
System Dynamics was developed at MIT during the 1950s by J. J Forrester. For Forrester (1961) industrial dynamics was a way of studying the behavior of industrial systems to show how policies, decisions, structures and delays are interrelated in influencing growth and stability. To speak of systems -implies a structure of interacting functions. Both the separate functions and the interrelationships as defined by the structure contribute to the system behavior‖ (Forrester, 1967) .
System Dynamics help us -to learn about dynamic complexity, understand the sources of policy resistance and design more effective policies‖ (Sterman, 2000) . As an interdisciplinary method, System Dynamics has its roots in the theory of nonlinear dynamics and feedback control developed in mathematics, physics, and engineering (Milsum, 1968; Wolstenholme and Coyle, 1983; Wolstenholme, 1985) . Because it can be applied to understand the behavior of human as well as physical and technical systems, system dynamics has also been used in Social Sciences and Economics.
The system dynamics approach has 4 hierarchies of structure (Coelho et al., 2017) : (1) 
Figure-4. Creating a System Dynamics Model
Source: Forrester (1975) Closed System boundary: To develop a complete concept of a system, the boundary must be established within which the system interactions that give the system its characteristic behavior take place.
Feedback loop structure:
The dynamic behavior of systems is generated within feedback loops (Roberts, 1975) For instance, Figure 5a shows a balancing loop describing the interaction between prospecting for phosphate rock (PR) and PR reserves. The more we prospect for PR, the more PR resources we find. This is shown with a positive causality (+), as a change in the first variable will lead to a change in the same direction for the second variable. Next, the more discovered PR resources we have, the more we explore with the purpose of exploitationthis is another positive interaction. The more we explore, the more PR reserves to exploit we will have. However, the more PR reserves to exploit we have, the less we will be inclined to invest in further prospecting. Thus, a positive change in PR reserves leads to a negative change in prospecting for PR. This is a negative causality.
Overall, if we start with a positive change in prospecting for PR, we will end up with a negative causality on the same variable -it means this loop is balancing. If hypothetically having more PR reserves led to more prospecting for PR, then this loop would have been reinforcing: a positive change in prospecting for PR would have concluded with more positive signals coming from the PR reserves and vice versa. Figure 5b shows the flowchart representation of the CLD, how PR moves from stocks (squares) through flows (arrows). The unknown PR resources stock moves through prospecting to the discovered PR resources, which ultimately reach the PR reserve stock by means of exploration.
ECONOMIC DYNAMICS OF CRITICAL RAW MATERIALS
Natural resources are often associated with goods that are storable but not reproducible. The impossibility of reproducing these goods (apart from a discovery of new deposits) has led economists to insist on the following two points: on the one hand, stocks (more precisely reserves) are considered to be given, and on the other hand, there is a close link between the rate of extraction and sales of natural resources. If the rate of extraction can be equated with sales, since substitution of production is impossible, the company in charge of mining operations may seek to either accelerate extraction (i.e. substitute current sales for future sales) or slow it down (i.e. substitute future sales for current sales). A company would thus be able to influence the price of natural resources by varying its sales by modifying the extraction rate.
The relation between price and extraction rate for a natural resource was introduced by Hotelling (1931) (1931, p. 1937 -1938 ).
Hotelling assumes 2 that owners of a natural resource always want to maximize the present value of their future profits.
In perfect competition, the owners of a mine are indifferent between receiving now a price for a unit of its product or receiving a price after a time t, so the price can be expected to be a function over time of the form:
(1) Hotelling takes the price to be the net price after paying the cost of extraction and placing upon the market: "Here p is to be interpreted as the net price received after paying the cost of extraction and placing upon the market" (1931, p 141) . Under these conditions, if interest rates (what Hotelling calls "the degrees of impatience") vary among mine owners, this will also affect the extraction rate.
When the price is set, the different units of the resource will have the same (discounted) value at any point in time and the mine owner will not seek to change the extraction rate from one period to another, that is . The value of will depend on the demand and the total available quantity of the resource (noted A). Considering that q = f (p, t) is the quantity taken at time t if the price is p, we have the following equation: (2) At T, the final extraction date, the requested quantity decreases and approaches 0, the equation becomes
∫( )
. Therefore, as Hotelling points out, the net price will change in line with changes in interest rates 3 , whose determinants are independent of the product in question, of the industry concerned, and of changes in mining (1931, p. 144 ).
In the case of a monopoly, Hotelling argues that a company can influence the price by varying its extraction rate (i.e. sales). The company will seek to maximize the present value of its future profits (we have reproduced Hotelling's method of calculating variations) (1931, p. 146-147) . ( )
The contrast with the conditions of competition is seen in the term .
Since p corresponds to the net price, the expression (5) means that it is the discounted marginal profit which must be equalized over time , either . Therefore, it is the marginal benefit of the natural resource (to be related to the marginal revenue) and not the price that must increase according to the interest rate.
The price will decrease more or less rapidly depending on the relationship between price and marginal income.
Hotelling puts forward 2 reasons 4 for believing that the price will rise less rapidly and that the depletion of the mine will be delayed in a monopolistic market structure:
-The demand will be such that the resource will be exhausted in a finite time for a company subject to competition, and in an "infinite" time for the company with a monopoly. In a competitive market situation and depletion of mine, the price tends to move towards a finite value when demand approaches 0 (so the demand curve intercepts the ordinate axis at a certain value). In a monopolistic situation, resource depletion means that marginal revenue tends to move towards a finite value when demand approaches zero. Hotelling suggests that it is very likely that the first condition is satisfied but not the second, given that "this is simply part of the general tendency for production to be retarded under monopoly" (1931, p. 152 ).
-The numerical example given by Hotelling suggests that the competitive company and the monopoly company exhaust the deposit in a finite time, however the monopoly takes longer. The monopoly's tendency would be to keep output below the optimum rate and extort excessive prices from consumers 5 . Devarajan and Fisher below.
Figure-6. Extraction, Price and market's structure
Source: Devarajan and Fisher (1981) Recalling that Hotelling's results are based on the characteristics of the demand function (linear and stable demand curve, decreasing elasticity when quantities increase), Devarajan and Fisher (1981) note that the reasoning is still valid when demand shifts over time by becoming more elastic (Stiglitz, 1976) .
But let us return here to an important point of Hotelling's reasoning, the stocks are considered as given. This hypothesis illustrates the debates surrounding stock-flow dynamics and the position of economists. Adelman (1993) summed up this dilemma 6 in a few words: -Minerals are inexhaustible and will never be depleted. (1993, p. xi, xiii, xiv) . This simplistic economic model of natural resource may be expressed in a CLD. The only stock is the stock of proven reserves, increased by a flow of investment and reduced by extraction. 
CASE STUDIES: PHOSPHOROUS AND INDIUM
In System Dynamics, a common practice is to define a reasonable system boundary, and analysis is then conducted within that boundary. We have used this method for two case studies: phosphorus and indium. We chose these two critical raw material for three reasons: (1) they are associated with two important sectors (phosphorusfertilizers for agriculture and food industries; indium -metal industries (zinc), electronic industries and renewable energy; (2) the main producer is China (68% for phosphorous, 57% for indium, 44% for phosphate rocks), so the world economy is dependent on one country; (3) their end-of life recycling input rate is close to 0 (17% for phosphate rock) which is a big challenge for the circular economy in the future. 
Figure-8. Countries accounting for largest share of global supply of CRMs
Source: EC (2017) 7 The import reliance rate takes into account global supply and actual EU sourcing in the calculations of supply risk. It is calculated as follows: EU net imports / (EU net imports + EU domestic production)
Phosphorus Case Study
Alongside nitrogen (N) and potassium (K), phosphorus (P) is one of the three essential macronutrients needed for plant growth. In agriculture, more than 85% of the phosphorus-based fertilizer comes from mined phosphate rock (PR) (Cordell et al., 2009) . Phosphorus is processed from the mineral apatite (Ca10(PO4)6(OH, F, Cl)2), mined from a very limited number of countries, notably Morocco, China, and the US. An extensive literature has been written on the limited availability of phosphorus, and there are widespread concerns that phosphorus production will soon peak or has already peaked (Dery and Anderson, 2007; Cordell et al., 2009 ). There are also concerns that the world´s nations will become increasingly reliant on Morocco´s vast phosphate rock reserves for imports, as this country consolidates its global position as the main exporter (Cooper et al., 2011) . Phosphate rock is mainly extracted by open-cast mining, which involves a range of processes with a direct impact on the landscape and the environment, such as the removal of topsoil and overburden. Phosphate mining generates millions of tons of waste, and phosphate processing creates a large volume of sludge, the rock waste and sludge are deposited in rock piles and ponds in the vicinity of the mining area (Hakkou et al., 2016) . It also leads to rock desertification, an aesthetic depreciation of the landscape, and increases the risk of landslides and ground erosion (Yang et al., 2014) . Normally, countries require mining companies to carry out reclamation of land after the mines are exhausted -this includes contouring (returning the site to the pre-mining geomorphology) and revegetation. However, many of the more than 200 closed mines in Morocco have had no post-closure management plan, which effectively means that the waste generated by mining is still in situ and no reclamation activities have been carried out (International Development Research Center, 2014) .
There are lessons to be learnt from other countries in the world where phosphate rock mining was equally important for the national economy. In the Republic of Nauru, for instance, the environment was critically damaged by open-cast mining for phosphate rock. Biodiversity-rich habitats were scraped off in the search for the phosphate ore, and with no post-mining restoration strategies, the formerly mined land was made inhospitable for most life forms. Moreover, the newly formed wasteland also contributed to more frequent droughts (Fraser and Nguyen, 2005 ) which may also be of concern in Morocco and Western Sahara due to their low rainfall rate climatic characteristics. Managing land resources sustainably is also important for Morocco in the context of national food security for a growing population. From 1960 to 2015, Morocco´s population grew from 11 million to 34 million and is expected to reach 42 million by 2050 (WB, 2015) . This will inevitably require more land for agricultural production in order to secure food supply, agricultural land which is itself also in competition with the build-up of infrastructure and the expansion of urban areas.
Water security is another issue to be considered, because the storing of highly hazardous by-product waste phosphor-gypsum can lead to serious leakages and pollution of groundwater. In the US´s largest phosphate mining site in Florida, a sinkhole opened underneath a gypsum stack in 2016, leading to more than 215 million gallons of contaminated water entering the Floridan Acquifer, which supplies water to 60% of the people in Florida (Sierra Club Foundation, 2016) . In addition to water pollution, large amounts of water are used in the processing of phosphate rock, and although the OCP claims that 95% of the wastewater is reused, the remaining 5% is still a significant amount of water that is diverted from human consumption. The World Resource Institute has already shown that by 2040, Morocco will be one of the world´s most water-scarce countries, with a water-scarcity score of 4.68 out of 5 (WRI, 2015).
Mining of phosphate rock is closely linked to the food production system, which in turn is influenced by consumption patterns in society, the type of farming systems, global market economics, and the approach of governments and societies to environmental pollution.
The Causal Loop Diagram for phosphorous depicts the cross-sectoral interactions between society, government, and management of natural resources in the case of phosphorous.
Social aspects are included in the diagram, Figure 9 , shown in a violet color, in order to demonstrate the application of the System Dynamics methodology, in which the biophysical and economic aspects, shown in blue color, are combined with social ones. 2 loops are included in the diagram to show the interconnectedness between the biophysical elements of phosphate rock, the market dynamics, and the social aspects involved. We start with a driving reinforcing loop (R1) and envision a business-as-usual scenario, where an increase in food production leads to an increased need for nutrients on farms and consequently to more phosphate rock (PR) mining for phosphate fertilizer production. Having P as a readily available source will in turn further incentivize food production.
However, both food production and PR mining and processing lead to increased environmental pollution and degradation. From here, there are 2 reinforcing loops and 4 balancing loops that drive the system. The balancing loops B1, B2 and B3 represent the connections between the biophysical and the economic aspects. The more P is mined, the higher the stocks of P become, lowering the price of phosphate rock on the market. A lower price can lead to less investments in the field, thus reducing the productive capacity of the sector, resulting in decreased mining for phosphate rock, decreasing P stocks, and affecting the price. Recycling can help to maintain the stocks.
As the price responds to the available stocks on the market, so does demand, resulting in a change in the ratio between the supply and demand of the resource, which in the end causes changes in the price.
The loops labelled R2 and B4 show that the costs for environmental rehabilitation and the increased healthcare costs resulting from environmental degradation have a negative impact on the state budget. With less money to spend in the state budget, government activity will be jeopardized and thus the quality of public service will decrease. However, when the environmental regulations are enforced, it has a positive effect, resulting in less environmental degradation and pollution. It can also be argued that when environmental regulations are introduced and enforced, it can result in an increased level of perceived criticality of the resource, which could increase the demand for it. This may be due to the fact that it often takes time for industries to respond to new rules and regulations, causing delays in the system.
At least there will be the expectation that it will take time for the industry to adjust, thus increasing the perception that supply disruptions could occur.
As a response to the challenges and problems that emerge from the system, governments can opt to support more sustainable farming practices and thus decrease the need for nutrients on farms; support P recycling at a national level and thus decrease the need for PR mining (R9); and/or support a more sustainable P production and supply chain.
Indium Study Case
To present the indium system, the boundary must be established within which the system interactions that give the system its characteristic behavior take place. Because indium is a by-product of zinc mining and refining, demand and supply of zinc have to be included. Zinc demand is mainly influenced by the economic growth of various sectors. Zinc's effectiveness in protecting steel against corrosion by galvanizing is well recognized, while its ability to die-cast complicated components makes zinc indispensable in a multitude of industry and household products. It also has important markets in the brass and construction industries and in chemicals and constitutes an essential nutritional element.
Figure-10. End Uses of Zinc
Source: International Lead and Zinc Study Group (2018) Zinc supply relies on primary production (mining) and secondary production (recycling from end of life products). Indium is most commonly recovered from the zinc sulfide ore mineral sphalerite. The indium content of zinc deposits from which it is recovered ranges from less than 1 part per million to 100 parts per million. Production of indium tin oxide (ITO) accounts for 80% of global indium consumption (Choi et al., 2016) . ITO thin-film coatings are primarily used for electrical conductive purposes in a variety of flat panel displays, most commonly liquid crystal displays (LCDs). Other indium end uses included alloys and solders, compounds, electrical components and semiconductors. Indium is most commonly recovered from ITO scrap in Japan and Republic of Korea.
Figure-11. Major end uses of Indium
Source: USGS (2017) Data on the quantity of secondary indium recovered from scrap are not available and the last research (Wellmer and Hagelüken, 2015) estimated at 1% the recycling rate of indium. It seems that the challenge is there. Sverdrup and Ragnarsdottir (2014) considered that 50% of indium recycling would extend the life of supply by 38 years (190 years for 70% recycling). Source: USGS (2018) For the United States, indium is a strategic resource (120 tons imported for consumption in 2017 and no government stockpiling), and import sources may be a problem for security. Source: USGS (2018) According to the American Indium Corporation, indium tin oxide (ITO) demand will keep growing in 2018
(5.5% annual rate) to reach 1,680 tons in 2019 (in 2016, the demand was 1,356 tons). This increase (+ 25%) will mostly come from China (50% in 2019 against 40% in 2016) and South Korea.
The Causal Loop Diagram for indium depicts the cross-sectoral interactions between an economic pillar (business model), an ecological pillar (environmental regulation), and a social pillar (society and human health).
Indium is a by-product of zinc mining and refining, so demand and supply of zinc have to be included.
From the business perspective, indium supply is exclusively from primarily production and recycling processes.
Indium production may lead to an accumulation of indium stock but decrease indium reserves. There is a reverse relation between indium demand (ITO, LED, Solar Electric) and stocks (and reserves). An increase in demand reduces stocks and reserves of indium. The reinforcing loop R1 (growth of demand increases the price of indium) interferes with a balancing loop (B4), where an increase in the price of indium leads the industries to find substitutes and to reduce indium demand. From the environmental and social perspective, the more indium production there is, the more environmental degradation and pollution can occur. With increased pollution comes worse human health conditions, resulting in increased pressure for environmental regulation to protect both humans and the environment. This pressure results in increased enforcement of environmental regulations, which ultimately results in reductions in the environmental degradation and pollution. The process described can be seen in loop B6, representing a balancing effect or counteractive behavior. A reinforcing loop that could easily interfere with the balancing loop we just described can be seen labelled R2 in the diagram. With worse human health condition of the public due to pollution, the cost of health care would increase, affecting the government budget negatively. As the budget decreases, the quality of the public service goes down since financial resources are essential for its effectiveness. Among other things, the government would have less capabilities to ensure enforcement of environmental regulations, given that the quality of public service had decreased. When environmental regulations are not enforced, the result would be increased environmental degradation and pollution. Increased enforcement of environmental regulations could also cause higher levels of perceived criticality of indium, as discussed above for phosphorus. When examining the policies for Critical Raw Materials (CRM) in the developed world, as seen in reports from the EU, Japan, China and the USA, it becomes apparent that they are ultimately aimed at securing the supply of these materials for their industries and economic activities. The assumption that ensuring national or regional economic interests will provide social well-being, seems to be implicit. However, publishing such lists does not happen in a vacuum, and the CRM lists could give signals which trigger processes leading to worsening social conditions, especially for the developing countries producing the CRMs. Increased perceived criticality of materials could lead to increased demand for them, resulting in more pressure on mining communities to produce more materials since the price is expected to go up. This increased pressure could have unwanted consequences, such as increased environmental degradation and pollution, human rights violations, illicit trade, poor working conditions, and resource conflicts. Governments in the developed world must acknowledge that there are limits to the Critical Raw Material lists, because they often ignore the social aspects of criticality and the social context in which materials begin to be perceived as critical.
CONCLUSIONS AND RECOMMENDATIONS FOR SUSTAINABLE POLICIES
Raw materials are considered crucial to the world economy. They are essential for maintaining our welfare, they underpin the functioning of our industry, and make possible modern technologies, such as green energy production and communications. Supply shortages of these materials, or market price spikes in crisis years, triggered the development of criticality assessments for raw materials by government agencies. We present the commonly-used methodologies for criticality assessments from the USA, Japan, the EU and the World Bank. We show that existing methodologies are compound indicators, represented within a criticality matrix, based on economic indicators of supply risk and economic importance. In the EU, work on criticality assessments has advanced in recent years with recommendations to include a number of other factors in the methodology. These factors are related to i) land use competition: ii) mining governance; iii) by-product dynamics; iv) supply chain; and v) environmental and social considerations. Nonetheless, we argue that current methodologies still identify critical raw materials from a macro-economic perspective, and do not tackle issues related to sustainable development.
Paradoxically criticality assessments have the potential to increase raw material criticality. This can occur either by a market signal that results in increased prices for raw materials, or by increased conflict over critical materials.
To tackle these methodological shortcomings, we propose a complementary methodology stemming from System Dynamics Modelling. By presenting 2 case studies for Phosphorus and Indium, we demonstrate the value of this proposed method which provides more information and guidance for policy development. Our method helps in clarifying underlying causalities and identifying driving forces and leverage points in the dynamics of criticality.
We argue that our method allows policy-and decision-makers to take social and environmental aspects of critical raw materials into account. A key leverage point for policy-making is accountability for environmental degradation and pollution, which requires policy-makers to consider a shadow price for raw materials which includes externalities. From this perspective, reduced criticality can be achieved by enforcing stricter environmental regulations and boosting the recycling sector with the double purpose of improving supply security and ensuring environmental and human health. These analyses addressed the global market, as well as social and environmental situations common to other raw materials. We suggest that our method is transferable to other raw materials (e.g.
Tantalum in Democratic Republic of Congo 10 ), as long as any variables particular to the analyzed material are accounted for. We encourage the use of System Dynamics Modelling to assess the drivers of criticality for these and other raw materials, and to provide valuable insights for policy-makers about how to reduce criticality, and how to work towards a raw materials supply that takes into account not only economic but also environmental and social issues. 
